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ABSTRACT
In this paper we investigate environment driven gas depletion in satellite galaxies,
taking full advantage of the atomic hydrogen (H i) spectral stacking technique to
quantify the gas content for the entire gas-poor to -rich regime. We do so using a
multi-wavelength sample of 10,600 satellite galaxies, selected according to stellar mass
(log M?/M > 9) and redshift (0.02 6 z 6 0.05) from the Sloan Digital Sky Sur-
vey, with H i data from the Arecibo Legacy Fast ALFA (ALFALFA) survey. Using
key H i-to-stellar mass scaling relations, we present evidence that the gas content of
satellite galaxies is, to a significant extent, dependent on the environment in which
a galaxy resides. For the first time, we demonstrate that systematic environmental
suppression of gas content at both fixed stellar mass and fixed specific star formation
rate (sSFR) in satellite galaxies begins in halo masses typical of the group regime (log
Mh/M < 13.5), well before galaxies reach the cluster environment. We also show
that environment driven gas depletion is more closely associated to halo mass than lo-
cal density. Our results are then compared with state-of-the-art semi-analytic models
and hydrodynamical simulations and discussed within this framework, showing that
more work is needed if models are to reproduce the observations. We conclude that
the observed decrease of gas content in the group and cluster environments cannot
be reproduced by starvation of the gas supply alone and invoke fast acting processes
such as ram-pressure stripping of cold gas to explain this.
Key words: galaxies: evolution – galaxies: fundamental parameters – galaxies: pho-
tometry – galaxies: ISM – radio lines: galaxies
1 INTRODUCTION
Galaxies are vast collections of gravitationally bound stars
and gas, situated inside haloes of dark matter (DM). It is
known that one of the key mechanisms by which these gi-
gantic systems perpetuate themselves is the conversion of
their neutral atomic hydrogen (H i) into stars via the tran-
sitional molecular phase (H2). In light of this, if we are to
paint a complete picture of galaxy formation and evolution,
? thbrown@swin.edu.au
it is important that we seek to fully understand the com-
plex links between cold gas reservoirs, their parent galaxy
and the DM haloes that host them.
The majority of observational H i studies have histori-
cally relied upon relatively small sample sizes in comparison
to works at other wavelengths. In recent times, large area,
blind surveys such as the Arecibo Legacy Fast ALFA (AL-
FALFA; Giovanelli et al. 2005) survey have begun to address
this. In its latest data release (α.701; Haynes et al. 2011),
1 http://egg.astro.cornell.edu/alfalfa/data/
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ALFALFA provided global H i measurements for more than
twenty-three thousand galaxies in the nearby Universe. In
addition to blind-surveys, the GALEX Arecibo SDSS Sur-
vey (GASS; Catinella et al. 2010) provides the largest com-
plement of targeted observations for a stellar mass selected
sample, probing almost one thousand galaxies (log M?/M
> 10) across the entire gas fraction spectrum.
The H i spectral stacking technique allows studies to ex-
tend their scope beyond the sensitivity limits of current sur-
veys. By optically-selecting and co-adding H i spectra, Fa-
bello et al. (2011) and Brown et al. (2015) have investigated
the main gas scaling relations, probing lower H i content and
increased sample sizes beyond what is currently possible us-
ing only detections. There are other applications of the H i
stacking technique, examples include studies by Gere´b et al.
(2015) who use stacking to probe H i content out to z ∼0.1
and Lah et al. (2009) who investigate variance in the cosmic
density of H i (ΩHI) with redshift.
Using both detections and stacking, there have been
many investigations into the relationships between galaxy
properties and H i content. Studies have established strong
links between gas content and star formation density
(Schmidt 1959; Kennicutt 1998), stellar mass (Gavazzi et al.
1996) and morphology (McGaugh & de Blok 1997). How-
ever, galaxies are not isolated systems, for example Dressler
(1980) showed that the morphological fraction changes dra-
matically with the density of galaxies, thus understanding
the influence of environment upon their evolution has be-
come increasingly important. Studies of cold gas (∼102 K)
show that reservoirs are adversely affected in the highest
density environments such as galaxy clusters (Giovanelli &
Haynes 1985; Chung et al. 2009; Cortese et al. 2011; Serra
et al. 2012), and that gas processing begins to occur within
the group environment (Kilborn et al. 2009; Rasmussen
et al. 2012; Catinella et al. 2013; Hess & Wilcots 2013).
Throughout the literature, depletion of H i content due
to environment is attributed to several different processes:
the interaction between the interstellar-medium (ISM) and
intergalactic-medium (IGM) known as ram-pressure strip-
ping (Gunn & Gott 1972; Hester 2006); heating and strip-
ping of hot gas in the DM halo preventing replenishment
(strangulation; Larson et al. 1980); high (harassment; Moore
et al. 1998) and low (tidal stripping; Moore et al. 1999) ve-
locity gravitational interactions with neighbours.
At other wavelengths, work has built upon Dressler
(1980), showing the strong dependencies of star formation
(Balogh et al. 1999; Go´mez et al. 2003; Cooper et al. 2008)
and morphology (Whitmore & Gilmore 1991; Poggianti et al.
2008; Wilman & Erwin 2012) upon environment. Disen-
tangling the primary, secondary and, in some cases, ter-
tiary connections between internal galaxy properties, envi-
ronment and gas content is a topic of much current interest.
In pursuit of this, recent works have begun to separate
and classify galaxies based upon their status as a central
(most-massive and/or luminous) or satellite galaxy within
the halo. The physical motivation is that satellites infalling
into the halo have undergone a distinct evolutionary history
from that of their central, as well as being the bulk of the
group and cluster populations (e.g. van den Bosch et al.
2008; Kimm et al. 2009; Wetzel et al. 2012; Peng et al. 2012;
Woo et al. 2013). Following this, van den Bosch et al. (2008)
and Wetzel et al. (2012) argue that the environmental re-
lationships and build-up of the red sequence are primarily
driven by the quenching of satellites rather than their cen-
tral and it is likely that the transformations are caused by
removal or consumption of the cold gas content.
Despite such studies, there remains a paucity of work
investigating the gas content of satellite galaxies from a sta-
tistical perspective. The extent to which H i loss may be
attributed to environment, what processes are at work and
in which regimes are questions that have not yet been an-
swered (Yoon & Rosenberg 2015). In this work we use the
largest representative sample of H i to date, coupled with
the spectral stacking technique, to address these questions.
We look to provide the very first large-scale, statistical cen-
sus of cold gas and environment for satellite galaxies in the
local Universe.
Section 2 contains an overview of the sample selection,
environmental measures and stacking technique used in this
paper. Sections 3 studies the main H i-to-stellar mass ratio
scaling relations as a function of halo mass. In Section 4
we characterise environment using nearest neighbour and
fixed aperture densities, investigating their impact on gas
fraction. We compare our results with theoretical predictions
in Section 5. Lastly, Section 6 discusses our conclusions and
considers the physical mechanisms at play.
Throughout this paper the distance dependent quan-
tities computed using observations assume a ΛCDM cos-
mology with Ω = 0.3, Λ = 0.7, and a Hubble constant
H0 = 70 km s
−1 Mpc−1. Where theoretical models and sim-
ulations are used for comparison the relevant cosmological
parameters are listed in the description.
2 THE SAMPLE
2.1 Selection
The findings presented in this paper are based upon a subset
of the parent sample, hereafter Sample I, of 30,695 galaxies
defined in Section 2 of Brown et al. (2015, hereafter Paper
I). Briefly, Sample I is a volume-limited (0.02 6 z 6 0.05),
stellar mass selected (9 6 log M?/M 6 11.5) sample drawn
from the overlap between the Sloan Digital Sky Survey Data
Release 7 (SDSS DR7; Abazajian et al. 2009) footprint and
the sky area of the ALFALFA survey processed to date
(112.5◦ 6 α 6 247.5◦; 0◦ 6 δ 6 18◦ & 24◦ 6 δ 6 30◦).
Optical data in this work are based upon SDSS ugriz
model magnitudes - the optimal fit of a de Vaucouleurs or
exponential profile to the flux in each band - corrected for
Galactic extinction (see Schlegel et al. 1998). H i data are
in the form of 21-cm line emission spectra extracted from
ALFALFA data cubes at the position of our target galaxies
using SDSS coordinates. In this way H i spectra are provided
for the full sample of galaxies regardless of their detection
status. For a full breakdown of the radio and optical data
the reader should refer to Sections 2.2 and 2.3 of Paper I.
Stellar masses, derived via photometric fitting, and SFR
estimates are taken from the value-added MPA-JHU SDSS
DR7 2 catalogue. For both these quantities, the median val-
2 http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/ using im-
proved stellar masses from http://home.strw.leidenuniv.nl/
~jarle/SDSS/
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ues of the probability density function are used. Star for-
mation rates are calculated following the methodology of
Brinchmann et al. (2004) who use Hα emission line mod-
elling where available (S/N > 3) for star forming galax-
ies. Where no or low S/N emission lines are present SFRs
are computed using the empirical relationship between spe-
cific SFR (sSFR = SFR/M?) and the strength of the break
at 4000 A˚ (D4000). Aperture corrections are applied using
stochastic fits to the photometry (see Salim et al. 2007) and
global SFRs are recovered.
2.2 Measures of Galaxy Environment
There are many different metrics by which one may define
the environment of a galaxy, most of which have been exam-
ined extensively in the literature (see Muldrew et al. 2012,
for a thorough comparison). The majority of methods can
be placed into the categories of friends-of-friends (FoF), Nth
nearest neighbour and fixed aperture techniques. In general,
approaches that are based upon FoF estimate properties
such as mass and velocity dispersion, attributes closely re-
lated to gravitational potential. On the other hand, nearest
neighbour or fixed aperture estimators provide the straight
up number density of objects, a property that is indicative
of the probability of interaction. We employ one metric from
each of these categories in order to best determine the extent
and influence of processes at work as well as the subsequent
scale dependency of environment driven gas suppression.
We divide the sample cleanly into central (most mas-
sive galaxy in group), isolated (only galaxy in group) and
satellite (less massive than central in groups of two or more
members) galaxies based upon the Yang et al. (2007)3 group
catalogue, hereafter Y07. For the analysis in this paper, we
focus only on the satellites and restrict the parent sample to
objects for which the full complement of environment data
outlined below is available, 10,567 in total.
Below we describe the three environment metrics used
in this paper.
2.2.1 Friends-of-Friends and Halo Based Group Catalogue
The principle of FoF algorithms is that galaxies are associ-
ated with one another based upon their spacial proximity,
defining a group using all objects at a proximity less than a
given linking length. The advantage of FoF is that, once the
group is defined, secondary derived properties such as mass
and velocity dispersion may be assigned.
In this paper, the DM halo masses for Sample I galaxies
are provided by Y07. More specifically, we use the ‘modelB’
version which takes model magnitudes along with redshift
measurements taken from SDSS, however, when necessary,
it also uses redshifts from additional surveys (e.g. 2df; Col-
less et al. 2001). The authors apply the halo-based, FoF
group finder algorithm developed by Yang et al. (2005) to
SDSS DR7. The basic procedure assigns centres to potential
groups and assumes an initial mass-to-light ratio, allocating
a provisional mass to each group using their characteristic
luminosity. They then use this provisional mass to estimate
3 http://gax.shao.ac.cn/data/Group.html
the size and velocity dispersion of the host DM halo, us-
ing these properties to determine a density contrast for each
halo and assign galaxies to their most likely group. The pro-
cess is repeated until the group membership stabilises and
the resulting catalogue is largely independent of the initial
mass-to-light assumption.
Once the galaxy group association is confirmed, final
halo masses are estimated by abundance matching the char-
acteristic luminosity or stellar mass rank order of individual
groups with the halo mass function of Warren et al. (2006).
No halo masses are assigned to the smallest groups (log
Mh/M < 11.6) in Y07. For our work we use halo masses
based upon the stellar mass ranking and have estimated val-
ues below log Mh/M = 11.6 using an extrapolation of the
mean relation between the stellar mass of the central galaxy
and the parent halo mass provided by Yang et al. (2008,
Eqn. 7). Our lowest mass bin is log Mh < 12, in this way
direct comparison between manually assigned DM masses is
avoided.
In some cases, the process of abundance matching may
yield halo mass values that deviate significantly from the
“true” halo mass (see Duarte & Mamon 2015). We estimate
this bias by applying the abundance matching method of
Yang et al. (2007) to the GALFORM semi-analytic model
(Gonzalez-Perez et al. 2014) described in Section 5. We find
that estimated halo masses are, on average, 0.2 dex lower
than than true masses with a standard deviation of 1 dex,
0.7 dex and 0.3 dex at true halo masses of log Mh/M = 12,
13.5 and 14.5 respectively. This spread is due to scatter in
the predicted stellar mass-halo mass relation of GALFORM
(Guo et al. 2016; Mitchell et al. 2016), meaning that stel-
lar mass is not necessarily a clean predictor of halo mass.
That said, the correlation is also significantly dependent on
the implementation of feedback in the models and, as a con-
sequence, other models produce a tighter stellar mass-halo
mass relation (see Guo et al. 2016 for a comparison of differ-
ent models). The scatter introduced by abundance matching
is smaller than any halo mass bin used in this paper.
At low redshift, massive groups and clusters exhibit
an IGM hot enough to emit X-ray light via thermal
bremsstrahlung radiation. This means that, where X-ray ob-
servations exist, the virialized nature of these systems can be
independently confirmed and objective comparison can be
made between their optical and X-ray derived properties. To
this effect, Wang et al. (2011) identify 201 clusters in the Y07
catalogue between 0.01 6 z 6 0.2 with counterparts from
the combined ROSAT all sky survey X-ray cluster catalogues
(Ebeling et al. 1998, 2000; Bo¨hringer et al. 2000, 2004). En-
couragingly, they find reasonable agreement between halo
masses derived via abundance matching in Y07 and those
calculated using X-ray cluster luminosity scaling relations.
Wang et al. (2011), and their subsequent paper Wang et al.
(2014), show that the X-ray luminosity is correlated with
the total stellar mass of the cluster and the stellar mass of
the central galaxy. The agreement between our chosen group
catalogue and X-ray cluster observations, in addition to our
testing of the abundance matching method, means that we
can assume the halo masses of Y07 are a reliable estimate of
the virial mass of large groups and clusters in our sample.
We caution that, for small groups where multiplicity is low
(Ngal . 3), the assumption of dynamic equilibrium may be
incorrect. Although Yang et al. (2007) attempt to estimate
c© 2002 RAS, MNRAS 000, 1–??
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Figure 1. Group halo mass distribution from Y07 for galaxies
within Sample I. The black solid line denotes the full sample of
∼27,700 galaxies while the red horizontal shaded histogram and
green diagonally hatched histogram show the halo mass distribu-
tion of central (∼2,800) and satellite (∼10,600) galaxies respec-
tively. Isolated galaxies (∼14,300) are not shown.
halo masses for these objects in a meaningful manner via
semi-empirical comparisons with mock catalogues, this re-
mains an intrinsic problem with all group finding analyses
and can affect the accuracy of the assigned halo masses in
this regime.
Figure 1 shows the distribution of halo masses for the
galaxies that are present in both Sample I and Y07. The
sample of 27,667 galaxies is denoted by the solid black line
while the 2,792 central and 10,567 satellite galaxies are dis-
played by the red and green shaded histograms respectively.
2.2.2 Nth Nearest Neighbour
Simply put, the motivation for using the Nth nearest neigh-
bour method is that galaxies in close proximity to their
neighbours, by definition, reside in dense regions of the Uni-
verse. The closer a galaxy’s neighbours the denser its envi-
ronment.
We adopt a two dimensional nearest neighbour routine
that applies a recessional velocity cut of ± 1000 km s−1
around the target galaxy, calculates the distance of its Nth
neighbour and defines the density of the subsequent volume
as
ΣN =
N
pir2N
(1)
where N is the number of neighbours and rN is the projected
distance from the target galaxy to the Nth neighbour in kpc.
We apply this to DR7, using a larger volume that en-
compasses Sample I and all galaxies above log M?/M = 9.
This ensures completeness and removes edge effects on Sam-
ple I galaxies near the volume boundaries. Within the liter-
ature, there is no clear consensus as to the optimal number
of neighbours and, as discussed in Muldrew et al. (2012), the
decision depends on the scales one wishes to probe. We have
investigated the differences in using 3rd, 5th, 7th and 10th
nearest neighbour methods and find that while increasing N
probes larger scales there is a strong correlation between all
the neighbour-based methods. We find that the 7th nearest
neighbour density (e.g. van der Wel 2008; Muldrew et al.
2012) is a suitable match for the length scales present in
Sample I, however the choice of N=7 is rather arbitrary and
does not significantly affect our results.
2.2.3 Fixed Aperture
The fixed aperture technique is similar in concept to nearest
neighbour, however, instead of defining a volume based upon
distance to the Nth neighbour, one determines the number
density of galaxies within a cylindrical volume of a given pro-
jected radius and velocity cut. Velocity cuts are intended to
match the largest possible contribution of peculiar velocities
to the sample, reducing interlopers that may be incorrectly
placed into or out of an aperture. We compute the fixed
aperture density on the larger volume used in the nearest
neighbour method above. In order to match the large scales
and peculiar velocities within sample I, we set the radius of
our fixed aperture at 1 Mpc (± 1000 km s−1) centred on the
galaxy (e.g. Gru¨tzbauch et al. 2011; Muldrew et al. 2012).
We have also compared the effects of using apertures of 1
Mpc (± 500 km s−1), 2 Mpc (± 1000 km s−1) and 2 Mpc
(± 500 km s−1). Our results do not depend significantly on
the aperture choice.
The final sample used in this work contains 10,567 satel-
lite galaxies (38 per cent of Sample I) for which there are
observed atomic hydrogen and optical data along with sub-
sequently derived stellar masses and star formation rates.
Each galaxy has an assigned halo mass, as well as calcu-
lated nearest neighbour and fixed aperture densities. It is a
sample built to be representative of the local Universe and
therefore an ideal resource for studying environment driven
evolution in the gas content of satellites from groups to clus-
ters.
2.3 Stacking and Errors
The focus of this work is to probe the relationship between
H i and environment in satellite galaxies. As discussed in
the introduction, sensitivity limitations of current H i sur-
veys make it infeasible to obtain detections for very large,
representative samples such as ours. This effect is particu-
larly pronounced in studies of environment because of the
H i deficiency of galaxies found in the large group and clus-
ter regimes (Giovanelli & Haynes 1985; Cortese et al. 2011).
Using H i stacking, we are able to quantify the gas content
for the entire gas-poor to -rich regime and obtain the aver-
age atomic hydrogen content for each selection of co-added
galaxies, regardless of whether the objects are formal detec-
tions in emission. We use an updated version of the stack-
ing method developed by Fabello et al. (2011), described
fully in Section 3 of Paper I. Our sample consists of 1627
satellite galaxies detected in H i (15 per cent) and 8940 non-
detections (85 per cent).
One caveat of this technique is that, because of the
use of spectral non-detections, the distribution of individual
H i masses from each stacked ensemble is not recoverable.
Therefore the errors presented in this work are calculated
using the statistical delete-a-group jackknife routine which
iteratively discards a random 20 per cent of the stack selec-
tion, recomputing the average gas fraction. We do not allow
c© 2002 RAS, MNRAS 000, 1–??
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Table 1. Environments and their equivalent halo mass interval
used throughout Section 3. The upper and lower bin bounds are
given in the first column. Ngalis the mean number of group mem-
bers found in each environment, while N˜gal is the median value.
x = log Mh/M Environment Ngal N˜gal
x < 12 Pairs/small groups 2 2
12 6 x < 13 Medium groups 5 4
13 6 x < 14 Large groups 26 21
x > 14 Clusters 242 169
any spectra to be used more than once, hence, this provides
five independent stacks on which to compute the error. The
jackknifed uncertainty is essentially the standard error on
the mean gas fraction calculated by stacking and depends
most strongly on the number of galaxies in each stack. This
is discussed more thoroughly in Section 3.1 of Paper I.
Lastly, the rate of spectroscopic confusion with a sample
is an important concern with all single-dish radio observa-
tions and in particular when stacking. Across the redshift
range of Sample I, the rate of confusion within the AL-
FALFA dataset is no more than ten per cent (Jones et al.
2015). This is an acceptably low rate and unlikely to heav-
ily bias the stacked average results. Further to this, although
the number of sources blended within the Arecibo beam (3.5
arcmin) clearly increases in crowded environments, the im-
pact of confusion is to increase stacked H i mass and, thus,
will not contribute to any observed trends of decreasing gas
content with environment.
3 THE INFLUENCE OF HALO MASS UPON
GAS FRACTION
In this section we present the main gas fraction scaling re-
lations of H i-to-stellar mass ratio versus stellar mass, sSFR
and stellar surface density. This work disentangles, for the
first time, the effects of mass, morphology and star forma-
tion on the gas content of satellite galaxies as a function of
DM halo mass.
In Figure 2, we plot the stacked average H i fraction
as a function of stellar mass (a), sSFR (b) and stellar sur-
face density (c; defined as µ? = M?/2piR
2
50,z where R50,z
is the Petrosian radius containing fifty per cent of the to-
tal z-band light in kpc) for satellite galaxies. The scaling
relations for all satellites, not binned by environment, are
denoted by the black dashed lines. Coloured lines show the
stacked gas fraction relations in each of the halo mass bins
given in the legend. At the bottom of each plot we pro-
vide the corresponding numbers of galaxies in each bin. Our
chosen halo mass intervals divide the galaxies among the
environments that are outlined in Table 1. In the bin con-
taining galaxy pairs, the question of whether such systems
can be considered bound is a valid one. While interlopers
and chance superpositions do occur, comparisons of the Y07
catalogue with detailed mock galaxy redshift surveys shows
that the group finding algorithm performs remarkably well
in this regime (>95 per cent completeness; see Yang et al.
2007). Note that this work does not investigate the effect of
environment in the small group regime, instead using it sim-
ply as the ‘zero-point’ against which we compare the larger
groups.
Figure 2a shows gas fraction versus stellar mass, sepa-
rating the sample into the four environment bins. Note that
there are no high stellar mass satellites in small groups, this
is due to the abundance matching technique used to assign
halo masses (see Section 2.2.1). When the sample is split
by halo mass we find that at fixed stellar mass there is a
smooth and systematic reduction of satellite H i content as
halo mass increases. A satellite of log M?/M = 10 which
resides in a pair or small group is, on average, 0.2 - 0.5 dex
more gas-rich than its stellar mass equivalent in a medium
or large group, and has a gas fraction 0.8 dex larger than its
cluster counterpart in a halo of log Mh/M > 14.
In Figure 2b sSFR is held constant and the sample is
again separated by halo mass. In the two bins where log
Mh/M < 13, small to medium sized groups, the difference
between average gas fraction across the range of sSFR is not
significant (0.1 dex). At fixed sSFR, the galaxies in these
haloes are statistically comparable in their average gas con-
tent. However, we do see large decreases (0.5 dex) in the
average H i fraction as a function of environment for galax-
ies with equivalent sSFR in haloes of log Mh/M > 13. Not
surprisingly, it is in the cluster regime where halo masses
exceed log Mh/M = 14 that we see the greatest impact
(0.8 dex) on the H i of satellites.
We examine how H i content varies as a function of halo
mass at fixed stellar surface density in Figure 2c. Galaxies
of a given surface density exhibit a large spread (0.9 dex) in
gas fraction, with a smooth progression to lower H i fraction
across the range of environments. Note that the dispersion
in gas content with halo mass at fixed surface density in-
creases from small (0.5 dex) at disk-dominated, low densi-
ties to large (1.3 dex) at bulge-dominated, high densities.
This is the result of the increasing contributions from the
bulge in the measurement of R50,z, meaning that the high
surface density regime includes a fraction of galaxies that,
while bulge dominated, still have a disk component.
Paper I established that, despite a residual dependence,
stellar mass is not in fact an ideal tracer of neutral atomic
hydrogen content and that sSFR is more closely related to
the H i-to-stellar mass ratio. Along with H i , these two prop-
erties in particular correlate strongly with halo mass (see
Wetzel et al. 2012, 2013), thus when taking this analysis
further one must check if decreases in H i content as a func-
tion of halo mass are due to the sensitivity of gas to the
external environment, or a consequence of stellar mass or
sSFR properties. The large number of galaxies available al-
low us to disentangle these dual effects by controlling halo
mass, sSFR and satellite mass simultaneously.
Figure 3 shows H i fraction versus stellar mass (left
panel) and sSFR (right panel) where the dashed coloured
lines represent the average stacked gas fraction in each of
the halo mass bins indicated. Note that, in order to increase
statistics when selecting by many properties, it is necessary
to reduce the number of halo mass bins from four to three.
Again, we provide the number of galaxies in the correspond-
ing bin along the bottom of each plot.
In the left panel, we plot the gas fraction-stellar mass
relation as function of halo mass, shading between bins of
sSFR for each environment. The upper bounds of the shaded
regions trace the average gas fraction as a function of stel-
lar and halo mass for galaxies with log sSFR/yr > −10.7,
whereas those systems with log sSFR/yr < −10.7 form the
c© 2002 RAS, MNRAS 000, 1–??
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Figure 2. Average H i gas fractions as a function of stellar mass (a), specific star formation rate (b) and stellar surface density (c)
for ∼10,600 satellite galaxies. Black dotted lines show each scaling relation for the full sample of satellites. Solid blue, dashed green,
dot-dashed magenta and long dashed red lines denote the relations when binned according to the halo mass of each satellite’s host central.
Halo mass limits are given in the legend and numbers along the bottom correspond to the sample statistics in each bin.
Figure 3. Log MHI/M? versus log M? (a) and log sSFR (b). The sample is binned according to the halo mass limits provided in the
legend and plotted by the thick dashed lines. In addition, each halo mass cut in the left and right figures is also binned by sSFR and
stellar mass respectively. On the left, the upper bound of each shaded region is given by the blue, star forming population (log sSFR/yr
> -10.7) while the red, quiescent galaxies (log sSFR/yr < -10.7) provide the lower bounds. The right panel shows shaded regions for
each halo mass bin bounded on the upper edge by galaxies in the low stellar mass bin (log M?/M < 10.5) and lower edge by high
mass galaxies (log M?/M > 10.5). Non-detections from stacking are included and are denoted by empty triangles. The numbers shown
correspond to galaxies in each halo mass interval only, we do not show the number of galaxies in the stellar mass (b) and sSFR (a)
envelopes. In order to ensure good statistics, we do not plot bins containing less than twenty satellites.
lower bound. This clearly shows that the residual depen-
dence (0.5 dex on average) upon sSFR remains even when
controlling for stellar and halo mass. Non-detections from
stacking are plotted at their upper limit and marked with
an open inverted triangle. By looking at the either the up-
per or lower bounds of each shaded region in Figure 3a we
are comparing satellites at fixed stellar mass and sSFR as
a function of environment. For a given satellite mass in the
blue cloud and red sequence we still see a decrease (on aver-
age 0.2 dex and 0.5 dex respectively) in gas fraction between
each environment.
We apply a similar analysis to Figure 3b. The dotted
lines trace the gas fraction-sSFR relationship in each envi-
ronment and we split each halo mass interval into low (log
M?/M < 10.5) and high (log M?/M > 10.5) stellar mass
satellites. The high and low mass relations form the outline
of each shaded region on the top and bottom edges respec-
tively. There is no blue shaded polygon because there are
no galaxies in our sample that have a host halo mass of
log Mh/M < 12 and a stellar mass of log M?/M > 10.5
(see Figure 2a). There is a scatter (0.4 dex on average) in-
troduced to the gas fraction-sSFR relation in haloes above
log Mh/M = 12 by the residual effect of stellar mass on
gas content. Despite the dependency on stellar mass, the
second-order effect of environment on H i shown in Figure
2b remains. Low and high mass satellites in more massive
halos are gas poor (on average 0.3 dex and 0.5 dex respec-
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Figure 4. Halo mass as a function of stellar mass for satellite
galaxies, colour-coded by average gas fraction. There is a co-
dependence of gas fraction on both environment and stellar mass.
Black crosses are plotted at the mean halo and stellar mass val-
ues within each bin. The size of each marker is scaled to the gas
fraction at that point.
tively) at fixed sSFR compared to their counterparts in less
massive halos.
We neatly show the simultaneous effects of stellar mass
and environment on gas content in Figure 4, plotting the
average gas fraction as a function of both host halo mass
and satellite stellar mass. For illustration, we interpolate
values between the bin centres marked by the black crosses.
Contour colours reflect the average H i fraction in that region
of parameter space within our sample. The diagonal gradient
of the colour change from gas-rich (purple) to -poor (yellow)
shows the differential effects of stellar mass and halo mass
upon the gas reservoirs of satellite galaxies.
Taken together, these results display the effect of halo
mass upon the gas content of satellite galaxies as a func-
tion of stellar mass, sSFR and surface density. By holding
constant mass and sSFR in Figure 3, two galaxy proper-
ties shown to have a direct relationship with H i content,
we show that there is a strong secondary dependence of gas
fraction upon environment across the group regime and into
the cluster. In determining this, we break the degeneracy
between internal processes that consume gas reservoirs, and
external mechanisms which hinder the replenishment or en-
courage removal of gas from satellites. If satellite gas content
is subject to physical mechanisms of an external origin (e.g.
hydrodynamical pressure within the halo, gravitational in-
teraction), the offset to lower gas fractions at fixed sSFR for
halo masses above log Mh/M = 13 suggests that H i loss is
occurring more quickly than the resulting quenching of star
formation in these environments.
4 THE INFLUENCE OF LOCAL DENSITY
UPON GAS FRACTION
Another way to characterise environments within a galaxy
population is to use local density metrics. In this section
we employ nearest neighbour and fixed aperture estimators
in order to understand if our ‘definition’ of environment is
important when determining which environments and pro-
cesses are the main culprits of the gas depletion seen in
satellite galaxies.
Differences in the methods and distributions of halo
mass, nearest neighbour and fixed aperture techniques can
make direct comparison difficult. Therefore we convert the
indicators for each galaxy to a percentage rank. To do so we
rank the satellites in terms of each metric and assign per-
centages based upon the orders. For example, a galaxy with
a nearest neighbour percentage rank of seventy-five will re-
side in an environment more dense than 75 per cent of other
satellites and less dense than 25 per cent. This method en-
ables us to compare the relative rather than absolute values
of each environment metric.
The two gas fraction scaling relations with stellar mass
and sSFR, as function of local density percentage rank, are
shown in Figure 5. On the left, the coloured lines denote
the sample galaxies separated according to their 7th nearest
neighbour density percentage rank. On the right, the sam-
ple density is calculated using to a fixed aperture of radius
= 1 Mpc (± 1000 km s−1). Again, numbers shown provide
the count of galaxies in the relative bins and stacked aver-
ages resulting in non-detections are denoted by upside down
triangles.
Figures 5a and 5b show that, in both cases, satellites
that reside in denser environments are significantly more gas
poor at a given stellar mass than galaxies that are found in
less dense regions. Between the sparsest and densest regions
there is a steady progression (0.6 and 0.7 dex for nearest
neighbour and fixed aperture respectively) from high to low
average gas fractions. In Figures 5c and 5d we show that
gas fraction also varies as a function of nearest neighbour
and fixed aperture densities at fixed sSFR. For galaxies at
a given sSFR, there is significant decrease (0.6 dex) in H i
content with increasing bins of both nearest neighbour and
fixed aperture density.
We now look to determine whether the suppression of
gas in the denser regions occurs because of the increase in
galaxy number density and therefore chance of interaction,
or is the consequence of the correlation between local density
and halo mass. Figure 6a is a contour density plot show-
ing percentage rank of the 7th nearest neighbour density
versus halo mass for the sample of satellite galaxies. Grey
points are individual galaxies and contours are set at the
one, two and three sigma levels. There is a clear correlation
between local density rank and halo mass with denser re-
gions preferentially populating higher halo masses and visa
versa. The interdependency is shown further once halo mass
is ranked in the same manner by Figure 6b. For reference,
the 50th percentile of the ranked halo masses corresponds
to log Mh/M ∼13.5 in absolute value, while 20 and 80 are
log Mh/M ∼12.5 and log Mh/M ∼14.5 respectively.
We divide the parameter space of Figure 6b into colour
shaded quadrants that correspond to the coloured relations
of gas fraction as function of stellar mass and sSFR in Fig-
ures 6c and 6d respectively. For example, galaxies that are
found in the dark red quadrant are included in the dark red,
dot-dashed scaling relations, residing in the densest half of
the sample and above the 50th percentile for halo mass.
Numbers along the bottom in Figures 6c and 6d are the
statistics in each bin.
Figure 6c shows that for a given stellar mass, gas re-
duction goes with both changes in local density and halo
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7th Nearest Neighbour Fixed Aperture
Figure 5. On the top, (a) and (b) show log MHI/M? versus log M? for satellite galaxies. On the bottom, (c) and (d) show log MHI/M?
versus log sSFR. In the left panels (a, c), data are binned by the percentage rank of their 7th nearest neighbour density. The right panels
(b, d) show satellites binned according according to their fixed aperture percentage rank. Bin limits are provided in the legends and
numbers denote the statistics in each bin and non-detections from stacking are shown as upside-down triangles.
mass (0.6 dex). However, when one fixes density and alters
the halo mass, comparing the cyan relation with the salmon
and navy with the dark red, differences are larger (0.4 dex)
than when density is changed at fixed halo mass (0.25 dex,
cyan-navy/salmon-dark red). Interestingly, in Figure 6d, the
effect is more noticeable. At fixed sSFR, it is clear that gas
fraction preferentially decreases with halo mass rather than
density. The differences in gas content between bins of vary-
ing halo mass (cyan-salmon/navy-dark red) are large (0.5
dex), while there is less of a difference (< 0.2 dex) when
only density changed. Figure 6 clearly shows that the ob-
served environmental suppression of gas in galaxies at fixed
stellar mass and sSFR is dominated by the halo mass in
which they reside and not the density of neighbours.
As previously mentioned, we check the validity of these
results and the sensitivity to the aperture used by perform-
ing the same study out to the 3rd, 5th and 10th nearest
neighbour, and with fixed apertures of 1 Mpc (± 500 km
s−1), 2 Mpc (± 1000 km s−1) and 2 Mpc (± 500 km s−1).
Changing the aperture size does not significantly affect our
results, because of this we do not show the additional figures.
5 COMPARISON WITH MODELS
Section 3 has shown that, at fixed stellar mass, surface den-
sity and sSFR, satellite galaxies in more massive haloes
have lower average H i content than satellites in less mas-
sive haloes. Further to this, in Section 4 we determine that
there is also a trend to lower gas fractions with increasing
nearest neighbour and fixed aperture density, at fixed stel-
lar mass and sSFR. We show the changes in the observed
H i content of satellites as function of environment at fixed
sSFR to be primarily driven by the mass of the associated
DM halo rather than their local density.
The results extend findings from previous studies, show-
ing that lower H i fractions are found in the cluster environ-
ment (Giovanelli & Haynes 1985; Cortese et al. 2011), adding
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Figure 6. 7th nearest neighbour density percentage rank of satellite galaxies as a function of halo mass (a) and 7th nearest neighbour
density percentage rank versus log Mh percentage rank (b). Individual satellites in (a) are plotted in grey and contours are plotted at
one (solid), two (dashed) and three (dotted) sigma levels in both panels. Log MHI/M? versus log M?, divided simultaneously into bins
of halo mass percentage rank and 7th nearest neighbour percentage rank (c) and log MHI/M? versus log sSFR in the same bins (d). In
these panels, the bounds of each bin are provided in the legend and the parameter space is illustrated by the corresponding colour panel
in (b). Non-detections from stacked averages are denoted using upside-down triangles and the number of galaxies in each bin is shown
along the bottom.
to the picture by demonstrating the systematic transition
from gas-rich to -poor that occurs within groups, well be-
fore galaxies reach the cluster. Despite this, open questions
remain surrounding the dominant processes that are respon-
sible for the observed differences in gas fraction between low,
intermediate and high mass haloes. We now look to identify
the ‘fundamental’ physics that is driving the environmental
dependence seen in the scaling relations by connecting our
empirical results to theoretical work.
The two most common approaches for conducting such
a comparison are semi-analytic models and hydrodynami-
cal simulations. In both cases, correctly modelling the in-
fluence of environment on the H i content of galaxies is an
extremely complex problem. Until relatively recently, much
of the success in this area came from non-cosmological, high
resolution simulations of well resolved galaxies (e.g. Marcol-
ini et al. 2003; Mayer et al. 2006, 2007; Bekki 2009; Tonnesen
& Bryan 2009, 2010). In recent years, the ability of cosmo-
logical models to reproduce observed trends in the global gas
content of galaxies has improved significantly and success-
ful comparisons have been made between theory and obser-
vations for general gas properties using both semi-analytic
(e.g. Obreschkow et al. 2009; Power et al. 2010; Popping
et al. 2014; Lagos et al. 2014) and hydrodynamical simula-
tions (e.g. Dave´ et al. 2013; Rafieferantsoa et al. 2015; Crain
et al. 2016; Marasco et al. 2016). This success in replicating
the global trends of gas content with key galaxy properties
means it is important that we attempt understand how the
models perform at reproducing the effect of environment
upon the gas content of galaxies.
For our comparison, we choose one cosmological model
from each camp; the semi-analytic model GALFORM
(Gonzalez-Perez et al. 2014) and the hydrodynamic simula-
tions of Dave´ et al. (2013), both have previously published
successful comparisons with observational HI scaling rela-
tions (see Lagos et al. 2011b; Dave´ et al. 2013; Rafieferantsoa
et al. 2015). Below we describe the methodology of each and
how they evolve the gas content in galaxies.
c© 2002 RAS, MNRAS 000, 1–??
10 Toby Brown et al.
GP14 GP14+GRP “ezw” Hydro
Figure 7. H i fraction versus M? (top) and sSFR (bottom) for satellite galaxies separated by halo mass. Solid lines are the same
observations as the dashed lines shown in Figure 3. Each column over plots a different galaxy formation model with cyan, dark green
and dark red dashed lines corresponding to the same halo mass bins as the blue, green and red observational relations. Left: GP14
semi-analytic model, which assumes that once galaxies cross the virial radius of a larger halo they instantaneously lose their hot gas
content and prevents further gas accretion. Middle: GP14+GRP model, which adopts gradual ram-pressure stripping of the hot gas and
continued accretion of gas onto the galaxy. Right: Dashed lines show the “ezw” hydrodynamical simulation of Dave´ et al. (2013), this
models the stripping of the ISM from the disk. Arrows show upper limits on sSFRs set to the observational limit.
5.1 Semi-analytic Models
Semi-analytic models of galaxy formation typically treat
each galaxy as a single object, using integrated properties
and prescriptions to describe the baryonic physics govern-
ing their evolution. The primary advantage of this technique
is its computational efficiency, allowing the production of
statistical samples of galaxies that cover representative vol-
umes and a large parameter space. One caveat is that bulge
and disk properties (gas, stars, SFR etc.) are described by
a single number for each component, meaning the internal
dynamics and physics are not resolved.
In this subsection we compare our results with the
semi-analytic simulation GALFORM (Gonzalez-Perez et al.
2014). The motivation for choosing this model is its envi-
ronmental treatment of the hot gas and tracking of the cold
gas as galaxies evolve.
5.1.1 The GALFORM Model
The GALFORM semi-analytic model includes the main
physical processes that are considered to shape the forma-
tion and evolution of galaxies (Cole et al. 2000). These are:
(i) the collapse and merging of DM haloes, (ii) the shock-
heating and radiative cooling of gas inside DM halos (which
lead to the formation of galactic disks), (iii) star formation
in disks, (iv) feedback from supernovae, from active galac-
tic nuclei and from photo-ionization of the inter-galactic
medium, (v) chemical enrichment of stars and gas due to
stellar evolution, (vi) galaxy mergers driven by dynamical
friction (which trigger starbursts and lead to the formation
of bulges), (vii) global disk instabilities (which also lead to
the formation of bulges), and (viii) ram-pressure stripping
of the hot gas. For this paper we focus on the published ver-
sion of GALFORM of Gonzalez-Perez et al. (2014), hereafter
GP14.
In GP14, the halo merger trees are extracted from
the updated version of the Millennium N -body simula-
tion (Springel 2005) using WMAP7 (Komatsu et al. 2011).
Gonzalez-Perez et al. (2014) also includes the explicit track-
ing of the atomic and molecular cold gas component in
galaxies (by using the hydrostatic midplane pressure of disks
and bulges as a proxy of the atomic-to-molecular gas surface
density ratio; Blitz & Rosolowsky 2006; Leroy et al. 2008)
as well as the hot gas phase. Star formation is characterised
following Blitz & Rosolowsky (2006), who use an empirical
c© 2002 RAS, MNRAS 000, 1–??
Gas stripping in satellite galaxies 11
formulation of the Kennicutt-Schmidt law
ΣSFR = τSFΣH2 (2)
where ΣSFR is the star formation rate surface density, τSF is
the inverse star formation timescale and ΣH2 is the surface
density of molecular gas. The current implementation was
developed by Lagos et al. (2011b), further details can be
found in that paper.
Here, we present results from two variants of the GP14
model which differ in their treatment of the hot gas of satel-
lite galaxies once they cross the virial radius of the larger
halo. The first variant (which we simply refer to as GP14
as it is the default implementation) assumes instantaneous
stripping of the hot gas; once a galaxy becomes a satellite,
its hot gas is removed and transferred to the gas reservoir
of the main halo. By removing satellite hot gas, GP14 halts
the replenishment of cold gas reserves through accretion,
forcing each galaxy into a state of ‘strangulation’. The sec-
ond variant, which we refer to as GP14+GRP, assumes in-
stead gradual ram-pressure stripping of the hot gas, which
in practice leads to satellite galaxies having accretion rates
that continuously decay in time once they become satellite
(as opposed to a sharp shut off of the accretion rate in the
first variant). GP14+GRP defines the ‘stripping radius’ as
the point at which ram-pressure and gravitational pressure
are balanced, gas that resides beyond this radius is removed
from the satellite. The ram and gravitational pressure pre-
scriptions are detailed in Lagos et al. (2014) and follow the
respective functional forms
Pram = ρgas,pv
2
sat (3)
and
Pgrav = αrp
GMtot,sat(rstr)ρgas,sat(rstr)
rstr
(4)
where Pram is the ram-pressure, ρgas,p is the gas density
of the parent halo and vsat is the satellite’s velocity with
respect to its parent halo. Pgrav is the gravitational pressure,
αrp is a geometric constant of order unity and set to 2, G
is the gravitational constant, Mtot,sat(rstr) is satellite’s total
mass (including stars, gas and DM) within the stripping
radius rstr and ρgas,sat(rstr) is the satellite’s hot gas density
at rstr.
It is important to note that neither implementation of
GP14 used in this work accounts for ram-pressure stripping
of the cold gas, a process known to dominate in larger ha-
los (i.e. galaxy clusters; Boselli et al. 2006; Tonnesen et al.
2007; McCarthy et al. 2008; Chung et al. 2009; Cortese et al.
2010, 2011). Other processes expected to drive mass loss in
satellite galaxies (e.g. tidal stripping of stars, heating due to
tidal shocks, harassment) are not included in either of the
variants. In cases where the dynamical mass of the satellite
is significantly below that of the group, such mechanisms
have been shown to remove cold gas in significant amounts
over many Gyrs, however, such effects are expected to be
dominant in dwarf galaxies, i.e. those with circular veloci-
ties . 30 km s−1, which are smaller than the galaxies we
are studying here (see Mastropietro et al. 2005; Mayer et al.
2006; Tomozeiu et al. 2016).
The GP14+RP variant has been shown to produce both
atomic and molecular gas fractions of early-type galaxies,
and fractions of passive galaxies as a function of stellar mass
that are in better agreement with the observations (Lagos
et al. 2014; Guo et al. 2016).
5.2 Hydrodynamical Simulations
Compared to semi-analytics, hydrodynamical simulations
reproduce the processes that govern galaxy evolution at
much higher resolution, solving the equations of gravity, dy-
namics and radiative transfer for up to 106 particles in each
galaxy. With the caveat that mechanisms such as star for-
mation, stellar feedback, black hole accretion still occur be-
low the resolution limit, this approach has the advantage of
galaxies being resolved into several elements and no imposed
assumptions of how gas accretion takes place or the influence
of DM on galaxy properties (e.g. sizes and accretion rates).
These models have been successful in their reproduction of
realistic objects, however, modelling such detailed physics
on small scales is computationally very expensive, therefore
sample size and parameter space explored is smaller than
that of semi-analytics.
5.2.1 Dave´ et al. (2013) “ezw” Model
We compare to the cosmological hydrodynamic simulations
of Dave´ et al. (2013), who used a modified version of Gadget-
2 (Springel 2005) to study the H i content of galaxies. The
simulation uses a ΛCDM cosmology with Ωm = 0.28, ΩΛ =
0.072, Ωbaryons = 0.046, σ8 = 0.81, ns = 0.96 and h =
0.70. There are 5123 DM particles and 5123 gas particles
in a cubical, comoving volume of 32 h−1 Mpc on each side.
The DM and gas particle resolution is 2.3 × 107 M and
4.5 × 106 M respectively. In the model halos and galax-
ies grow self-consistently from DM and gas particles. Here
we briefly summarise the processes of galaxy formation and
evolution modelled in the simulation: (i) primordial and
metal line cooling based upon the photo-ionization equilib-
rium of Wiersma et al. (2009), (ii) star formation following
a Schmidt law (Schmidt 1959) where SFR is proportional to
gas density, applied using the sub-grid recipe of Springel &
Hernquist (2003), (iii) stellar and supernovae feedback pro-
vides metal enrichment following the prescriptions of Op-
penheimer & Dave´ (2008), (iv) quenching energy compara-
ble to AGN feedback is imparted on massive galaxies by
heating infalling gas (to fifty times the virial temperature)
once the halo mass, estimated from the individual galaxy
mass, exceeds around log Mh/M = 12, (v) finally, strong
galactic outflows (their “ezw” model), driven through a hy-
brid of momentum flux from young stars and energy from
supernovae, are assumed to kinetically eject gas from the
ISM.
Each halo is identified using a spherical over-density
based approach, while galaxies are identified using Spline
Kernel Interpolative Denman (SKID; see Dave´ et al. 2013).
For halos with multiple resolved galaxies (which is the ma-
jority for galaxies with log M?/M > 9), the largest stellar
mass galaxy is identified as the central, and the others are
satellites. H i is computed within the model by determin-
ing the optically thin, neutral fraction of each gas particle.
Dave´ et al. (2013) then separate the neutral gas into its
atomic and molecular phases based upon the ISM pressure
prescriptions of The H i Nearby Galaxy Survey (THINGS;
Leroy et al. 2008).
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Once a satellite enters the halo of another galaxy, the H i
may be influenced by the following environmental processes,
each of which are modelled self-consistently within the sim-
ulation: ram-pressure and viscous stripping (Marcolini et al.
2003), tidal interaction and harassment, and strangulation of
inflowing gas. For further details on how these mechanisms
are implemented and their dependence on halo properties see
Rafieferantsoa et al. (2015). An important caveat to note is
that Dave´ et al. (2013) employ entropy-conserving smoothed
particle hydrodynamics (SPH) (Springel 2005) that has been
shown to handle surface instabilities such as those that occur
during gas stripping poorly compared to more recent hydro-
dynamics methods (see Agertz et al. 2007; Hopkins 2015;
Schaller et al. 2015). This issue and its possible implications
are discussed further in Section 5.3.
5.3 Comparison with Observations
In Figure 7 we compare our observations of gas content at
fixed stellar mass (top panels) and sSFR (bottom panels)
with the models. The H i gas content of satellite galaxies in
the simulations is calculated in a way that is identical to our
stacking procedure (i.e. log 〈MHI/M?〉). We split satellites
according to identical bins of halo mass for both observations
(blue, green, red) and theory (cyan, dark green, dark red).
The number of galaxies in each observational bin is plotted
along the bottom.
We see that the GP14 model predicts satellites that
are too gas poor at fixed stellar mass (7a) and too gas
rich at fixed sSFR (7d). While this seems in contradiction,
the process of instantaneously removing a galaxy’s hot gas
from its subhalo once it becomes a satellite leads to an
overly quenched satellite population. Naturally, these sys-
tems have low or negligible amounts of cold gas which means
that, where they are included in the scaling relations (i.e.
7a), average gas fractions are artificially low. On the other
hand, extremely quenched systems are removed from the gas
fraction-sSFR plane by construction. Therefore they do not
contribute to the average H i content and one is not com-
paring the same GP14 satellite population between Figures
7a and 7d. Once this is added to the picture, the two plots
are in agreement and it becomes clear that the stripping
implemented by GP14 is too strong and too rapid to match
observations.
In Figure 7b we find that the GP14+GRP model, which
assumes the hot gas gets stripped gradually as satellite
galaxies travel through their host haloes, is in better agree-
ment with the observations for stellar masses of log M?/M
.10.3 in the highest and lowest halo mass bins studied.
This is because in the GP14+GRP model, satellite galax-
ies are able to retain their hot gas for a longer timescales,
which in turn means that they are able to replenish their
ISM for longer. Nevertheless, at these stellar masses, the
GP14+GRP model is still on average ∼0.2 dex too low com-
pared to observations at fixed stellar mass. This is because
the models predict sSFRs that are usually lower than the
observed sSFRs for fixed stellar masses at z ≈ 0 (see for in-
stance Mitchell et al. 2014). The effect is seen clearly in the
two largest halo mass bins and at stellar masses above log
M?/M ∼10.5. We expect that the low gas fractions are due
to hot gas stripping being too severe, leading to starvation
and quenching that is too strong. Note that GP14+GRP
is too gas poor even without the inclusion of ram-pressure
stripping of the cold gas which, as stated previously, has
been shown to be an important driver of gas removal in this
regime (i.e. cluster scales). At high stellar masses, depletion
of gas is caused by AGN feedback being too strong, not al-
lowing further cooling and replenishment of the ISM.
When we study H i gas fraction as a function of sSFR
we find GP14+GRP delivers a better overall agreement with
our measurements than gas fraction as a function of stellar
mass. However, the predicted population of galaxies with
very low sSFRs - and likely low gas fractions - are not visi-
ble in the parameter space shown. The predictions for haloes
of log Mh/M < 13.5 (blue and green lines) are particu-
larly successful when we compare with our observations. At
higher halo masses, the model predicts H i gas fractions at
fixed sSFR that are slightly too high compared to our obser-
vations. This is likely due to GP14+GRP not accounting for
the ram-pressure stripping of H i, which is expected to signif-
icantly drive down gas fractions in this regime at both fixed
sSFR and stellar mass. However, the inclusion of this effect
would potentially increase tension between GP14+GRP and
our observations.
For the comparison between observations and
GP14+GRP, we tested the effect of using halo masses
assigned via the abundance matching method rather than
using the halo masses from the simulation on the scaling
relations presented here. We follow the method of Yang
et al. (2007), calculating the total stellar mass from all the
galaxies in a halo that have absolute r-band magnitude Mr
- 5 log (h) 6 -19.5, ranking the groups using their integrated
stellar mass and assigning a halo mass under the assump-
tion that there is a one-to-one correspondence between the
integrated stellar mass and halo mass. We found that the
abundance matching method slightly under-predicts (∼0.1
dex) gas fractions at fixed stellar mass for halo masses
below log Mh/M = 13.5, increasing the disagreement with
observations. However, gas fractions at fixed sSFR show no
significant differences between the samples using the two
different halo masses.
Figures 7c and 7f show a comparison between the H i
fraction of satellites, as a function of halo mass, between the
simulations of Dave´ et al. (2013) and observations, against
stellar mass (7c) and sSFR (7f). The strongly bimodal dis-
tribution of satellite sSFRs in the Dave´ et al. (2013) model
mean that quenched galaxies lie off the parameter space of
Figure 7f to lower sSFRs. We compute the average gas frac-
tion of these galaxies (coloured arrows) and set them to our
observational sSFR limit of log sSFR/yr = -13. H i fractions
of satellites in the simulation are systematically low (∼0.6
dex) when compared to observations and, while some quali-
tative agreement exists, there is limited reproduction of the
general trends with stellar mass and sSFR as a function of
halo mass.
The fact that disagreement is present even in low
mass halos where stripping is inefficient in these simulations
(Rafieferantsoa et al. 2015) suggests that the origin of this
deficit is likely endemic to the satellite population in the
Dave´ et al. (2013) simulations. However, the explanation
for this deficit is not straightforward, thus, below we briefly
outline various possible causes, both physical and numerical.
Although the H i content is greatly underestimated, the
depletion of gas as a function of halo mass in the simula-
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tion somewhat echoes the observed trend, suggesting that
key H i removal processes are roughly followed. As shown in
Rafieferantsoa et al. (2015), at fixed halo mass, satellite H i
masses deviate from their stellar mass-matched central al-
ready at log Mh/M ∼11.5, while the data seems to suggest
that such deviations do not begin until higher halo masses.
This discrepancy may owe to overly-aggressive stripping or
starvation within fairly low-mass halos, which then propa-
gates to higher masses. Further to this, previous work us-
ing high resolution, non-cosmological simulations has shown
stripping scenarios to be strongly dependent on both galaxy
structure and the ISM model employed (Mastropietro et al.
2005; Marcolini et al. 2003).
From a numerical perspective, replicating the hydrody-
namical interaction between H i and the surrounding intra-
cluster or intragroup medium is a notoriously difficult task.
While remaining a dramatical improvement on the detail
afforded by semi-analytics, the moderate resolution of Dave´
et al. (2013) simulations mean there is a possibility of dark
matter particles being spuriously heated due to two-body
interaction, this leads to artificial heating and momentum
transfer to gas particles in the simulation (see Steinmetz &
White 1997; Abadi et al. 1999). In addition and as briefly
mentioned in Section 5.2.1, the version GADGET used does
not include newer SPH recipes that are required to correctly
capture the fluid instabilities at this interface. While this is
an undoubted shortcoming of the simulation, it results in the
employed SPH underestimating the effect of ram-pressure
as well as other suppression mechanisms (i.e. viscous strip-
ping, Kelvin-Helmholtz instabilities), thus discrepancies are
expected to worsen with the inclusion of new SPH, not im-
prove. Schaller et al. (2015) compared the old SPH formula-
tion with newer SPH in the EAGLE (Evolution and Assem-
bly of GaLaxies and their Environments; Schaye et al. 2015;
Crain et al. 2015) simulations and found that the amount
of cold gas and therefore the star formation rates of galax-
ies are reduced in the new SPH formulation, evidencing that
cold gas fractions would become even lower than those found
in our comparison. However, Schaller et al. (2015) also show
that other numerical aspects, such as the timestep limiter
and how the sub-grid physics modules are implemented have
significant effects on the properties of galaxies. The latter
means that it is not straightforward to estimate how much
the cold gas fractions may be affected in the Schaller et al.
(2015) simulations, and instead direct testing is necessary in
the future.
Having compared our observations to theory, we see
that models and simulations are producing far too many
gas poor galaxies. The results show that considerable mod-
ifications are required if we are to successfully characterise
the impact of environment on the H i content of galaxies.
6 DISCUSSION AND CONCLUSIONS
In this paper we apply the H i spectral stacking technique to
study the effect of environment on the gas content of 10,567
satellite galaxies, selected by redshift and stellar mass from
the intersection of SDSS and ALFALFA. We quantify en-
vironment using FoF, nearest neighbour and fixed aperture
metrics. The FoF-based DM halo masses and group associa-
tion are provided by the Y07 galaxy group catalogue, while
7th nearest neighbour and fixed aperture densities are com-
puted separately. The main conclusions of this work can be
summarised as follows:
• Satellite galaxies in more massive haloes have, on av-
erage, lower H i-to-stellar mass ratios at fixed stellar mass,
surface density and sSFR than those in smaller haloes. The
significant and systematic decrease in the gas content of
satellites as a function of halo mass occurs across the en-
tire group regime as well as the cluster environment.
• Following this, we suggest that the average timescale
for H i loss from satellites in haloes with masses above log
Mh/M > 13 is considerably faster than the subsequent
quenching of star formation.
• Gas content is also depleted with increasing nearest
neighbour and fixed aperture densities. However, halo mass
is the dominant environmental driver of H i removal in satel-
lites.
• Comparing our results to the predictions of theoreti-
cal models we find that, at fixed stellar mass and sSFR,
both semi-analytics and hydrodynamic produce too many
gas poor satellites. There is, however, qualitative agreement
that the gas content of satellite galaxies depends upon the
mass of their DM halo and depletion, particularly at fixed
sSFR, is caused by a stripping mechanism.
We show that significant and continuous suppression
of satellite H i content due to environment is present in
haloes more massive than log Mh/M ∼12 at fixed mass
and morphology, and above log Mh/M ∼13 at fixed sSFR.
By controlling for influences of mass, morphology and star
formation, and separating those from the effect of environ-
ment, we present a scenario whereby environment driven
processes are directly acting upon the H i reservoirs of satel-
lites. Observations have previously shown mechanisms such
as strangulation, interaction and stripping to be prevalent
in large galaxy groups and clusters. In order to explain our
result of decreasing gas fractions in haloes of log Mh/M >
12 we suggest that one or more of these processes becomes
efficient in small to mid-size groups, well before the large
group and cluster regimes. Encouragingly, this is entirely
consistent with the results of Stark et al. (2016) who show a
decrease in satellite gas content in halos above log Mh/M
∼12 at fixed stellar mass using individual detections.
From the evidence presented it is possible to take this
analysis a step further and speculate upon the prominence of
these different mechanisms, a subject that is still very much
up for debate. To do so we divide the processes into two
categories: slow acting, such as strangulation or starvation,
on the one hand; and fast acting, which primarily refers to
ram-pressure stripping, on the other. The path that galaxies
trace through the gas fraction-sSFR plane (Figure 2b) when
under the influence of these two categories differs consider-
ably. A slow reduction in atomic gas naturally eventuates in
a reduction of the molecular phase as H2 is consumed by star
formation and not replenished. This results in a steady de-
cline in star formation (& 1 Gyr, Balogh et al. 2000) as the
available fuel reservoirs diminish and galaxies transition si-
multaneously to low gas fractions and onto the red sequence.
In Figure 2b, this is seen in haloes with log Mh/M < 13
where differences in gas content as a function of both halo
mass and sSFR are not significant.
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In contrast, one would expect that when removal of H i
is (nearly) instantaneous (& several 10 Myr, Vollmer et al.
2012), there is a necessary time lag before star formation
is quenched accordingly and the chosen star formation in-
dicator registers a change. Galaxies that undergo such an
event as they move into larger haloes will exhibit lower gas
fractions at fixed sSFR between halo mass bins. It is for this
reason that ram-pressure stripping is our preferred expla-
nation for the lower gas fractions seen in haloes above log
Mh/M = 13 at fixed sSFR.
We caution the reader that, as stated in Section 2, this
paper uses two SFR estimators: fits to the Hα emission lines
from star forming galaxies and, where emission in Hα is low,
the break in galaxy spectra around 4000 A˚. While the Hα
emission traces star formation over the last few tens of Myr,
the D4000 measurement is sensitive on longer timescales of
∼1 Gyr. This means that, where the D4000 is used, we may
simply conclude that the gas depletion occurs at a faster
rate than 1 Gyr at fixed sSFR. However, for star forming
galaxies, depletion of H i with environment at fixed sSFR is
indicative of an even more rapid removal of gas and ram-
pressure stripping is favoured. This effect contributes to the
broadening of the gas fraction-sSFR relation seen between
the blue and red sequence in Figure 2b.
In addition to FoF based halo masses, we also conducted
our analysis using 7th nearest neighbour and fixed aperture
densities. We have shown that, for the satellite population
within our sample, there is a tight correlation between halo
mass and local density metrics and, in Figure 5, confirm that
galaxies in denser environments tend to be more gas poor.
We test whether gas is preferentially depleted by processes
pertaining to either the halo mass (hydrodynamical) or the
proximity of neighbours (gravitational) in Figure 6, show-
ing that, at fixed stellar mass and sSFR, the reduction in
H i follows an increase in halo mass and over local density.
This paints a physical picture where halo mass is the dom-
inant factor in environment driven cold gas depletion and
agrees with our hypothesis above - ram-pressure stripping
is the likely candidate for H i removal in massive haloes (log
Mh/M > 13).
Having said this, it is important to check for the pos-
sibility of mergers driving the observed gas depletion with
halo mass. In particular, for systems where the group-to-
satellite mass ratio is low, dynamical friction timescales are
short and mergers can occur rapidly. We discuss the impact
of this effect on our results in Appendix A.
The theoretical comparison presented in Figure 7 goes
some way towards supporting the picture presented by ob-
servations. However, this work highlights the tendency for
cosmological models to produce satellite populations that
are too gas poor and therefore excessively quenched.
This comparison clearly illustrates that, while general
trends of gas content with stellar mass and sSFR are grossly
reproduced, significant improvements to both semi-analytic
(GP14+GRP) and hydrodynamical (‘ezw’) approaches are
required to fully match observations.
Recently, Marasco et al. (2016) conducted an analysis of
environmental processes that affect the H i content of galax-
ies in the EAGLE simulations that explicitly addresses some
of the numerical concerns raised here. In their work, Marasco
et al. (2016) find the fraction of H i poor galaxies increases
with halo mass, predicting an environmentally-driven bi-
modal distribution in the H i-to-stellar mass ratio. The au-
thors find that the most common environmental driver of
gas in EAGLE satellites at z = 0 is ram-pressure stripping,
with tidal forces and satellite-satellite interaction playing a
secondary, yet significant role.
To conclude, this paper has provided evidence that the
gas content of satellites is depleted by external processes as
they transition into higher mass haloes and denser environ-
ments. Using observations and theory, the paper discusses
the likely processes at work, suggesting that fast acting hy-
drodynamical mechanisms such as ram-pressure stripping
are efficient in the group environment as well as the high
density clusters. The results also exemplify the gains to be
made by using the H i spectral stacking technique, especially
as we look to pave the way for the next generation of radio
telescopes that will address these important questions.
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APPENDIX A: THE EFFECT OF MERGERS
ON GAS FRACTION
Satellites with a mass similar to that of their group are
subject to short dynamical friction timescales and thus in-
creased merger rates (see Chandrasekhar 1943; Weinberg
1998; Colpi et al. 1999; Taffoni et al. 2003). In order to ver-
ify our definition of a ‘satellite’ and discriminate between
the stripping scenario (as outlined above) and galaxy merg-
ers in driving gas content, we check our results excluding
satellites with a ratio between group total stellar mass and
satellite mass (M?,grp/M?,sat) less than ten. This is shown
in Figure A1 where we plot the gas fraction-stellar mass and
sSFR scaling relations, binned by halo mass, for this subset
of Sample I (7353 satellites). Despite approximately 30 per
cent of satellites residing below this limit, the trend of gas
depletion at fixed stellar mass and sSFR remains once these
galaxies are removed from the sample. We also note that
the rate of confusion within our sample is less than 10 per
cent and satellites with a short dynamical friction timescale
would most likely be flagged as confused. We therefore rule
out mergers as the main driver of gas depletion due to en-
vironment at fixed stellar mass and sSFR.
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Figure A1. Log MHI/M? versus log M? (a) and log sSFR (b) for Sample I satellite galaxies where M?,grp/M?,sat > 10. This subset is
binned according to the halo mass limits given in the legend. Stacked non-detections are denoted by triangles.
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